The Fish Canyon Tuff (FCT) has served as an important source for geochronology standards, particularly for fission track, K-Ar and ( 40 Ar/ 39 Ar) dating, even though efforts to establish precise ages for its constituent minerals have proved to be unexpectedly complex. To evaluate the suitability of FCT apatite as a standard for apatite (U-Th-Sm)/He (AHe) thermochronometry, and to test underlying assumptions about its suitability for apatite fission track (AFT) thermochronometry, we analysed samples from a series of sites throughout the vertical and lateral extent of the host ignimbrite sheet. Samples were collected from the relatively lithic-rich, classic sampling location in the lower part of the thick proximal incised valley with ∼800 m of local relief and probably >1000 m of removed section above it. The AFT age of the classic sampling site, however, is indistinguishable from ignimbrite emplacement and thus continues to be a useful standard for AFT (but not for AHe) geochronology. Apatites from this site have the highest measured Cl concentrations (0.82 wt%) of any of the FCT apatites analysed, contributing to this suitability. AFT and AHe ages at three distal localities, some 35-45 km to the East of the classic site, where the thickness of the FCT is reduced to <100 m, all yielded concordant ages with a weighted mean of 28.5 ± 0.11 Ma with no evidence for post-emplacement thermal disturbance. One of the distal sites -a quarry in the upper part of the FCT -appears to be an ideal locality for a standard reference material that would be suitable for both AFT and AHe low-temperature thermochronometers. U-Pb ages for zircons and 40 Ar/ 39 Ar step heating age spectra for sanidine at this new distal site are essentially identical to those found at the classic site.
Introduction
In principle, geochronologic methods based on radiogenic accumulation only require knowledge of the absolute abundances of parent and daughter products and the decay constant(s) (e.g., Steven et al. (1974) , and encompassing the later sub-divisions of the Fish Canyon magmatic system (Bachmann et al., 2007) . The heavy dashed line shows the extent of the parent La Garita Caldera. Sample localities are also shown for both proximal and distal sites, and A-A', and B-B' show the two cross-sections in Fig. 2 .
This limits candidate rocks to rapidly cooled, near-surface materials with simple and known thermal histories which contain a robust geochronometer whose age can be determined from first principles. Thus U-Pb dating of zircon from an undisturbed volcanic rock containing a host of commonly used geochronometers would appear to meet these requirements.
The Fish Canyon Tuff (FCT) is a voluminous crystal-rich ignimbrite sheet erupted over a relatively short period during the late Oligocene from the ca. 2500 km 2 La Garita Caldera in the San Juan volcanic field, southern Colorado (Lipman et al., 1970; Steven et al., 1974; Whitney and Stormer, 1985; Mason et al., 2004) (Fig. 1) . The FCT appears to satisfy many of the criteria for an ideal dating standard material in that it has an excellent assemblage of dateable phenocryst and accessory minerals, the age of the rock makes it suitable for analysis by a wide spectrum of techniques, and the rock is readily accessible with an abundant supply of unaltered material. The dateable mineralogy includes plagioclase, sanidine, biotite, hornblende, titanite, apatite and zircon. For all of these minerals, the grainsize and freshness of the minerals is excellent. Steven et al. (1967) found an isochronous relationship at 27.9 ± 0.7 Ma (using the same decay constants and isotopic abundances as recommended by Steiger and Jäger, 1977) amongst the phenocryst phases in this rock dateable by the K-Ar method. This work laid the foundation for various minerals from the FCT being developed as age standards by a number of geochronology and thermochronology laboratories using a variety of mineral dating techniques. Apatite and zircon from the Fish Canyon Tuff first came into widespread use in various fission track dating laboratories in the 1970s following its introduction by Chuck Naeser (Naeser et al., 1981) . Subsequently, these and other minerals from this rock were investigated for use as inter-and intra-laboratory standards using the 40 Ar/ 39 Ar, (U-Th-Sm)/He and U-Pb methods (Bachmann et al., 2000 (Bachmann et al., , 2007 Baksi et al., 1996; Carpena and Mailhé, 1987; Cebula et al., 1986; Daze et al., 2003; Dobson et al., 2008; Hurford and Hammerschmidt, 1985; Jourdan and Renne, 2007; Kuiper et al., 2008; Lanphere, 2004; Lanphere and Baadsgaard, 1997, 2001 ; Lanphere and Dalrymple, 2000; Lipman et al., 1970 Lipman et al., , 1997 Oberli et al., 1990 Oberli et al., , 2002 Reiners et al., 2002; Reiners and Farley, 1999; Renne, 1998; Renne et al., 1994 Renne et al., , 1998 Renne et al., , 2010 Renne et al., , 2011 Schmitz and Bowring, 2001; Schmitz et al., 2003; Schwarz et al., 2010; Spell and McDougall, 2003; Tagami et al., 2003) . A detailed review of these data is outside the purview of this paper, but for purposes of comparison we assume a reference age for ignimbrite emplacement of 28.2 Ma (Boehnke and Harrison, 2014) . Several concerns regarding this approach in general, and the use of the Fish Canyon Tuff in particular, subsequently arose. The recognition that zircons can crystallise and remain closed U-Pb systems in felsic magma chambers for up to half a million years prior to eruption (Reid et al., 1997) challenged the assumption of concordancy among all mineral dating systems. U-Pb zircon dating and thermal modelling (Bachmann and Bergantz, 2003; Bachmann et al., 2007; Wotzlaw et al., 2013) are consistent with the precursor FCT magma having existed as a crystal mush for over 400 ka in which zircons experienced protracted growth. Furthermore, the presence of abundant lithic clasts at the original sampling locality and its position at the base of a ca. 1000 m thick volcanic pile leaves open the possibility that this rock may contain mineral xenocrysts and did not effectively cool to ambient temperature instantaneously as required for an age standard, at least for the low-temperature systems.
In this paper we report new fission track and (U-Th-Sm)/He ages of apatites and zircons from a variety of sampling sites within the Fish Canyon Tuff, supported by comparative U-Pb zircon, and 40 Ar/ 39 Ar sanidine ages. Our sampling approach aimed to maximize opportunities to observe both vertical and lateral mineral age Steven et al. (1974) . A-A' shows the proximal region including the classic sampling site for Fish Canyon Tuff age standards, and B-B' for the distal quarry location where the volcanic sequence is relatively condensed.
heterogeneities that may be present within the ignimbrite sheet, and particularly to compare the classic, proximal, site with distal sites where the thickness of the FCT diminishes to <100 m and the total cover was likely to never have exceeded ∼150 m.
Geological considerations for an age standard
Compositionally the FCT is a crystal-rich biotite-hornblendeplagioclase quartz latite with minor quartz and sanidine (Lipman et al., 1970; Bachmann et al., 2002) . Phenocryst phases are abundant and typically make up about 40% of the rock (Bachmann et al., 2000) . The quarto-feldspathic groundmass hosts accessory apatite, zircon and titanite. The tuff is a typically densely welded and recrystallised ignimbrite erupted during the main collapse phase of the caldera (Lipman et al., 1970) .
The classic sampling locality of Steven et al. (1967) (Fig. 1 ) is in a road cut on Colorado Highway 160 about 8.7 km southwest of the town of South Fork. The road has been realigned and rebuilt since the earliest use of this locality as a source of standard material in the 1970s, but now exposes even fresher and deeper road cuts than available previously. The presently available sampling site is no more than a few tens of metres at most from the original site.
The classic site lies at the bottom of a deep valley with local relief to the nearby peaks of over 800 m and a total thickness of removed overlying section that probably exceeds 1000 m. The FCT is overlain in turn by several other substantial volcanic units of Oligocene and younger age (Steven et al., 1974) . The sample site itself is near the bottom of the major FCT ignimbrite sheet, which is more than 600 m thick at this proximal locality about 15 km from the edge of the La Garita Caldera, as shown in the cross section (Fig. 2) produced by draping the mapped geological units (Steven et al., 1974) over the digital topography. The depth of erosion at this site thus appears far from ideal for capturing concordancy between high and low-temperature thermochronologic systems and yet this aspect of the site's suitability has not previously been tested.
As shown in Fig. 2a , the classic sampling locality appears to have been exhumed from a depth of >1000 m below the postvolcanic land surface and only became exposed at the surface following substantial later erosion. Such an erosional depth opens the possibility that post-emplacement temperatures were high enough to disturb at least the apatite (U-Th)/He system. There was also a suggestion in a number of early fission track measurements that the apatite FT age may be lower than independent 40 Ar/ 39 Ar reference ages (Naeser et al., 1981) . These discrepancies were thought at the time to largely reflect problems in system calibration that were resolved by general adoption of an empirical calibration against an agreed set of age standards (i.e., zeta-calibration; Hurford and Green, 1982) . However as the FCT was one of the most important and widely adopted age standards in this process, a lingering concern remained that a systematic error in FT age calibration could have been introduced. Foremost amongst the requirements for an age standard that can serve the needs of both high-temperature and low-temperature thermochronometry systems is that the constituent minerals formed simultaneously, cooled rapidly at the time of eruption, and subsequently remained at near-surface conditions. The geological setting of the classic FCT sampling location shows that the latter conditions are unlikely to have been met for the lowest temperature systems, especially apatite (U-Th)/He (AHe), and conceivably also apatite fission track analysis (AFT).
For high-temperature systems, such as zircon U-Pb, the high proportion of lithic clasts at the classic site also raises some questions about possible inheritance of older grains from the clast source. In addition there is the aforementioned possibility of inheritance from pre-eruption crystallisation in the magma chamber (Reid et al., 1997) .
The valley sides at the classic locality show a series of cliff forming horizons within the single FCT cooling unit, suggesting it consists of a several individual flow units in this area that cooled and partially recrystallised as a single cooling unit in this area. Lithic clasts mostly consist of fine-to medium-grained silicic volcanic rocks and appear to be concentrated close to the bottom of these individual flow units. The clasts are typically up to about 3 cm across and occur in an abundance of approximately 50 per square metre on a planar surface at this locality, and also at other localities that were sampled near the base of individual flow units. The upper flow units are relatively free from clasts, providing an opportunity to test their possible influence on the different radiometric systems.
Sampling strategy
The primary intent of our sampling was to fully test possible limitations of the classic sampling locality and to examine the possibility that more suitable material might be found at another locality that better meets the needs of a reference material for both high-temperature and low-temperature systems. Specifically, examination of fission track and (U-Th)/He ages of apatites at distal locations of the Fish Canyon Tuff ignimbrite sheet where the total thickness of both the FCT itself and all overlying units are sufficiently thin (<200 m) better assures an essentially surface-like post-emplacement temperature history and provides a baseline with which to compare results from the classic locality. Sampling the vertical section above the classic site for AFT and AHe dating permits a second approach to test possible complications for the low-temperature systems at this locality by sampling rocks that were closer to the pre-erosion, post-volcanic land surface. Lastly, we obtained samples containing varying abundances of lithic inclusions with the view to examining a possible relationship between lithic content and the presence of xenocrystic zircon.
Proximal samples
We returned as closely as is now possible to the classic sampling site and sampled the lithic-rich tuff ( Fig. 1) , hereinafter referred to as FCT-1. We then sampled a vertical section of FCT above that site along a switchback track (samples AG10-04 to AG10-07) that provided ∼330 m relief, albeit with all samples coming from the upper ∼100 m of the traverse (thus enhancing the potential to reveal vertical contrasts). Samples AG10-04 and AG10-06 are from the upper parts of individual flow units within the overall FCT cooling unit and are lithic-poor, whereas AG10-05 and AG10-07 are lithic-rich (Table 1 ).
Distal samples
We sampled several distal localities, some 35-45 km to the NE, E and ESE of the classic site, where the FCT displays a total thickness of only a few tens of meters (Figs. 2b, c) . Sample AG10-01 was obtained from a roadcut ∼20 km NNE of Del Norte (Fig. 1) . The FCT thickness at this locality appears somewhat greater at ∼100 m than for other distal sites. The rock is a crystal-and lithic-rich tuff with feldspar, quartz and biotite grains supported in a fine-grained groundmass.
Sample AG10-02, from a quarry 4.6 km SE of Del Norte and about 1.8 km west of Route 160, is a pale, crystal-rich ignimbrite (Fig. 1 ). This quarry is the easternmost of several excavated pits up to 40 × 20 m in size, and readily accessible by a small track from Route 160. This quarry appears to be the source of building stone for many of the masonry structures in the nearby towns.
The FCT at this site is only ∼40 m thick and part of a layered volcanic sequence dipping at 1-2 • to the east where all of the units are condensed relative to their much greater thickness in the proximal region. From Fig. 2 it can be seen that the total thickness of the overlying volcanic pile at this locality is likely to be <150 m. Moreover, only rare (∼5/m 2 ) cm-sized lithic clasts are present, consistent with the quarry being near the top of the flow. The extensive and relatively recent quarrying at this location provides access to abundant fresh sample material. The rock at this locality shows a pale pinkish-brown colour but in all other respects is essentially identical in mineralogy and texture to the grey rock at the classic site.
Sample AG10-03 was collected ∼13 km SW of Monte Vista (Fig. 1 ) from a freshly fallen block at the base of a ∼30 m high cliff developed in the FCT on the northeast bank of Rock Creek. This sample, a moderately welded crystal-and lithic-rich rhyolitic ignimbrite, represents the most distant from the inferred centre of the La Garita caldera (Steven et al., 1974) . All samples were crushed in two stages using a jaw crusher and plate mill, then passed over a Gemini shaking table under flowing water to concentrate light and heavy components and remove fines. The resulting fractions were then dried and separated into constituent minerals using standard heavy liquid (sodium polytungstate and methylene iodide) and magnetic techniques. Final heavy concentrates were centrifuged in small volume tubes with Methylene Iodide to enhance the separation of apatite and zircon. Sanidines were hand picked from heavy liquid feldspar concentrates.
Ion microprobe analysis
Ion microprobe U-Pb zircon dating methods are described in Quidelleur et al. (1997) with the exception of those samples that were first pressed flush into indium metal and analysed unpolished to permit the last crystallised zircon layers to be dated by depth profiling. The epoxy mounts were then ground and polished down ∼20 μm and re-analysed for U-Pb (designated 'p' in Table 2 ).
Calculated ages were based on concurrent analysis of AS3 zircon standard (U-Pb age = 1099.1 ± 0.5 Ma; Paces and Miller, 1993) which reproduced during the ion microprobe session at the ±1% level. U-Pb zircon analytical data are given in Table 2. 2.3. 40 Ar/ 39 Ar analysis
Hand-picked sanidine crystals from sample AG10-02 were ultrasonically cleaned in 3% HF and washed with di-ionised water and acetone. Approximately 60 grains of AG10-02 were co-irradiated in the Cd-shielded CLICIT facility of the Oregon State University TRIGA reactor (can UM#52), together with Fish Canyon sanidine grains from the classic site. Fusion and step-heating analyses were carried out using a Thermo Fisher Scientific ARGUS VI multi-collector noble gas mass spectrometer (see detailed descriptions by Matchan, 2013 and Phillips, 2014) . Sample heating was carried out using a homogenised 55 W Fusions 10.6 CO 2 laser system to achieve uniform heating over the sanidine crystals.
Results are shown in Table 3 and the step heating 40 Ar/ 39 Ar age spectra together with the mean single grain fusion age in Fig. 3 . Argon isotopic results are corrected for system blanks, mass discrimination, radioactive decay and reactor-induced interference reactions are given in Table 3 . Line blanks were measured after every second or third sample analysis and were typically <1.5 fA for 40 Ar, compared to ≥ 100 fA for typical sample analyses. Mass discrimination and detector bias were characterised via automated analyses of air pipette aliquots prior to the first analysis, assuming an atmospheric 40 Ar/ 36 Ar ratio of 298.56 ± 0.31 (Lee et al., 2006 Steiger and Jäger (1977) . Unless otherwise stated, uncertainties are reported at the 1σ level for consistency with the other methods used here.
(U-Th-Sm)/He analysis
Analysis followed the protocol of House et al. (2000) for laser He extraction from single grains for both apatite and zircon. Clear, non-fractured euhedral grains with average grain radii in a close size range were hand picked under an Olympus SZX12 binocular microscope, then immersed in ethanol and checked under polarised light to detect and exclude grains with possible inclusions. Grain geometries were imaged microscopically, measured and stored for applying the α-ejection correction (Farley et al., 1996) and then loaded into small, acid-treated platinum capsules.
Apatite grains were outgassed under vacuum at ∼900 • C for 5 min, using a Coherent Quattro FAP 820 nm diode laser, with a fibre-optic coupling to the sample chamber. He content was determined by isotope dilution using a pure 3 He spike, calibrated against an independent 4 He standard and measured using a Balzers quadrupole (Prisma QMS 200) mass spectrometer. Zircons were outgassed using a laser power of ∼12.6 W (∼1300 • C) applied for 20 min to ensure complete extraction of 4 He. A hot blank was run after each extraction to verify complete outgassing. All He extractions were performed on single grains except for three of the FCT-1 apatite measurements, which used aliquots of three grains. Outgassed grains were removed from the laser chamber, dissolved and analysed for parent isotopes using an Agilent 7700X ICP Mass Spectrometer. Zircon grains were removed from their Pt capsules, and transferred to Parr bombs where they were spiked with 235 U and 230 Th and digested in small volumes (0.3-0.5 ml)
at 240 • C for 40 h in HF. Standard solutions containing the same spike amounts as samples were treated identically, as were a series of unspiked reagent blanks. A second bombing in HCl for 24 h at 200 • C ensured dissolution of fluoride salts. Zircon solutions were then dried down, dissolved in HNO 3 and diluted in H 2 O to 5% acidity for analysis of 238 U, 235 U, and 232 Th by solution ICP-MS. U and Th isotope ratios were measured to a precision of <2% and overall precision for the zircon (U-Th)/He ages is estimated at ∼6% or less. Zircon He ages were calculated and corrected for α-emission following the approach of Hourigan et al. (2005) . Zircon (U-Th)/He analytical data are shown in Table 4 . Apatites were dissolved (still in their Pt capsules) in HNO 3 and analysed for 238 U, 235 U, 232 Th and 147 Sm. Analyses were calibrated using the reference material BHVO-1, with Mud Tank Carbonatite apatite, and international rock standard BCR-2 used as check standards with each batch of samples analysed. (U-Th-Sm)/He ages were calculated and corrected for α-emission following the approach of Farley et al. (1996) . Analytical uncertainties for the Melbourne He facility are conservatively assessed to be ∼6.2%, including the α-ejection correction, an estimated 5 μm uncertainty in grain dimensions, gas analysis (estimated as <1%) and ICP-MS analytical uncertainties, but not possible heterogeneity in U and Th distributions. Accuracy and precision of U, Th and Sm content ranges up to 2%, but is typically better than 1%. Durango apatite was also run as an 'unknown' with each batch of samples and served as a check on sample accuracy. Apatite (U-Th-Sm)/He data are given in Table 5 .
Fission track analysis
Fission track analysis of separated apatites was carried out using a new integrated analytical system based on autonomous digital microscopy for the capture of comprehensive fission track image sets, coupled with direct 238 U determination by laser-ablation ICP-MS. The analytical methods used for this new approach are given in greater detail in Appendix A. Two apatite grain mounts were prepared for each sample using epoxy on glass slides, polishing with diamond pastes on a Struers Rotopol automated polishing machine (to a 1 μm finish), and etched in 5N HNO 3 at 20 • C for 20 s. Fission tracks were counted automatically on multi-plane digital images captured in reflected and transmitted light at 1000× magnification on a Zeiss M1m Axio-Imager microscope operating under Autoscan TrackWorks control software. Approximately 40 grains were selected for counting in each mount from an automatically ranked list determined from a scan of the whole mount under circular polarised light. Spontaneous tracks were counted automatically on the captured image sets using FastTracks image analysis software and manually corrected where necessary (Gleadow et al., 2009) . Suitable confined tracks were identified and imaged on the second mount after 252 Cf irradiation to enhance the yield of suitable tracks (Donelick and Miller, 1991) . The true lengths (dip corrected) were then measured for tracks with shallow dips ranging up to 20 • using FastTracks. The resulting lengths are more precise, but comparable to conventional 'horizontal' confined track measurements. After counting, the 238 U concentrations were determined on the same grains by laser-ablation ICP-MS, using a New Wave UP213 Laser microprobe and an Agilent 7700X ICP Mass Spectrometer. A laser pulse rate of 5 Hz, spot size of 30 μm, and power setting of 45% were used, and ablation was carried out under He then transported into the plasma using Ar carrier gas. 43 Ca was used as an internal standard in the apatites and the 238 U/ 43 Ca ratio measured against NIST612 glasses and Mud Tank and Durango apatite matrix-matched standards. Three to four ablation pits were ablated to a depth of ∼8 μm on each grain with generally excellent agreement between the repeat analyses. Fission Track ages were calculated from the spontaneous track densities and single grain 238 U concentrations as described by Hasebe et al. (2004) using an aggregate constant of 2.010 × 10 −3 , equivalent to the zeta constant in the conventional External Detector Method, as discussed in Appendix A. Central ages and radial plots were calculated using the RadialPlotter package of Vermeesch (2009) . Apatite fission track results for all of the FCT samples are given in Table 6 , a combined radial plot for the single grain data for all samples (except AG10-04, see below) in Fig. 4a , and confined track length distribution for the same apatite samples in Fig. 4b .
Results and discussion
U-Pb dating of zircons from both the classic sampling location (FCT-1) and the distal quarry site (AG10-02) were undertaken by ion microprobe to investigate protracted crystallisation histories and possible xenocrystic contamination between lithicrich and lithic-poor samples. To maximize the temporal resolu- 3 . 40 Ar/ 39 Ar step-heating spectra for two aliquots of grains from Fish Canyon
Tuff sanidine from AG10-02 (B and C) from the distal quarry site, compared to sample FC3 sanidine from the classic site (from Phillips and Matchan, 2013) . These three release spectra are essentially identical. For comparison, the mean of ten single grain fusion ages for AG10-02 is also shown as a horizontal line.
tion of the approach, we examined both zircon rims and cores. level of ion microprobe U-Pb precision, no obviously xenocrystic component or discernable difference between the age of the last grown rim component relative to the core were identified. 40 Ar/ 39 Ar fusion and total-gas step-heating results for AG10-02 sanidine yield a weighted mean 40 Ar * / 39 Ar ratio of 0.63189 ± 0.00019 (0.030%; 2σ ), which is within uncertainty of the mean value of 0.63218 ± 0.00017 (0.027%; 2σ ) determined from fusion analyses of co-irradiated Fish Canyon Tuff sanidine grains from the classic site (FC3).
Step heating results for two multi-grain aliquots of AG10-02 sanidine from the distal quarry site are shown in Fig. 3 together with results for sample FC3 sanidine from the classic site from Phillips and Matchan (2013) for comparison. FC3 was a different sample to FCT-1, but from essentially the same locality. The two release spectra in Fig. 3 are indistinguishable and AG10-02 sanidine shows the same pattern of increasing age with progressive Ar release noted at the classic site by Phillips and Matchan (2013) , which is revealed because of the very high precision of the analyses obtained with the ARGUS VI multi-collector mass spectrometer. Possible reasons for these rising spectra are discussed by Phillips and Matchan (2013) , but the important conclusion here is that sanidines from the classic and distal sites, show essentially identical behaviour. Zircon (U-Th)/He results for two of the four samples are shown in Table 4 and have weighted mean ages ranging from 26.9 ± 1.5 to 28.7 ± 0.4 Ma (1σ ). The results were determined for between 3
and 30 single zircon grains per sample and include two each from the classic section and the distal sites. The mean ages are indistinguishable from each other and the reference age of 28.2 Ma, giving a weighted mean ZHe age for all four samples of 28.3 ± 0.4 Ma.
Apatite (U-Th-Sm)/He ages from the vertical section including the classic sampling site, yield an average weighted mean age from multiple analyses at the five sites that range from a low of 20.8 ± 0.4 Ma at the FCT-1 site to a high of 29.5 ± 1.2 Ma (1σ , Table 3 ).
Taken by themselves, the four samples from the top ∼100 m of the traverse cluster with an average age of 28.4 ± 0.2 Ma which is consistent with the reference age of 28.2 Ma and clearly distinct from the AHe age of FCT-1 some 280 m below at the classic site. This relationship is reasonable as the structurally highest samples are expected to be first to cool to closure following emplacement, but does clearly indicate that the classic site was within the He partial retention zone for apatite following emplacement.
In contrast, apatite fission track (AFT) ages from the same samples, range only from 28.8 ± 0.8 Ma (±1σ ) at the classic site (2580 m) to an average of 27.4 ± 0.7 Ma for three of the higher samples (AG10-05 to -07) in the vertical section (2831-2856 m) (Table 5 ). These are indistinguishable and the weighted mean AFT age for all of these proximal samples is 28.1 ± 0.6 Ma. The highest sample in the vertical section (AG10-04 at 2913 m), however, has a significantly younger AFT age of 23.2 ± 1.7 Ma that is significantly different to the other samples in this section, and was excluded from the mean. This sample (AG10-04) shows clear evidence of some thermal disturbance with a significantly shortened mean track length of 13.96 ± 0.58 μm, compared to a weighted mean of 14.84 ± 0.04 μm for all other samples (Table 5 , Fig. 4b ).
Only 19 confined track lengths were measured in AG10-04, but the distribution included two substantially shortened tracks of only 5 and 12 μm that are clear evidence that at least some of the grains have been disturbed. The most likely explanation for the shortened track lengths and reduced AFT age for AG10-04 is that it has been superficially affected by a forest fire in the recent past. This sample was collected from a natural outcrop beside the road, unlike the other samples in this section that were from road cuts. The AHe age for this sample of 28.4 ± 0.3 Ma, shows no such reduction, however, despite the normally greater sensitivity of the AHe system. Two explanations are suggested for this inverted pattern, one being that the fire affected only a thin surface layer of the outcrop. The AHe age, being determined on only 4 hand-picked grains would be much less likely to sample apatites from this thin layer, compared to the AFT age, that was determined on 37 grains. The other is the apparent cross-over in the retentivity of the two systems noticed by Reiners et al. (2007) in apatites that had been partially reset on the short time scales of forest fire influence.
The retentivity of fission tracks in apatite is sensitive to compositional controls on annealing and track etchability (Cl and D par content; Donelick et al., 2005) . As Cl content in apatite can vary substantially in an evolving magmatic system (Fuge, 1977) , variations in fission track retentivity between apatites are expected. Apatite D par measurements and Cl content vary throughout the proximal and distal sample suite, but are highest (2.33 μm and 0.82 wt%, respectively) in apatites from FCT-1 at the classic site. The fission track retentivity of apatites from the classic site is therefore likely to be the highest of any of the samples studied. There is no correlation between the FT ages of individual apatite grains and either D par or Cl content across all of the samples analysed but D par and Cl content are highly correlated with each other (Fig. 4c) , as expected for this compositional range.
The pattern of AFT ages argues strongly that, with the exception of AG10-04, none of the samples, in either the proximal section or the distal sites, show any disturbance after initial rapid cooling dating from the time of ignimbrite emplacement. This is confirmed by the radial plot (Fig. 4a) for all of the single grain AFT ages, which is consistent with a single age population, and the long, narrow track length distribution (Fig. 4b) , which shows that all tracks were formed at low temperatures. The undisturbed nature of all the AFT ages (except AG10-04) is consistent with the likely maximum post-emplacement temperature near the bottom of the proximal cooling sheet of ∼40-50 • C for a burial depth of ∼1000 m and reasonable values for surface temperature and thermal gradient. The lack of observable post emplacement fission track annealing at the classic site is enhanced by the high Cl content for apatites at this locality, justifying its use as an AFT standard (Naeser et al., 1981; Hurford and Green, 1982) . In contrast, the AHe ages for FCT-1 apatites at the classic site provide clear evidence for significant post-eruptive, probably Early Miocene, cooling near the base of the ignimbrite sheet through the temperature range ∼70-40 • C. We attribute this protracted duration of cooling in this area to km-scale erosion, possibly triggered by structural changes related to formation of the nearby Rio Grande Rift.
At the three distal localities, some 35-45 km to the east of the classic site, where the FCT is only about 40-100 m thick, the average weighted mean AHe ages range from 27.7 ± 1.4 Ma to 28.6 ± 0.6 Ma (±1σ ), with a weighted mean age of 28.5 ± 0.2 Ma.
These ages are within uncertainties of the AFT ages for these three localities (28.3 ± 1.6 Ma to 30.1 ± 3.3 Ma, weighted mean 28.5 ± 0.3 Ma) as well as the broadly known age of FCT eruption (∼28 Ma; Steven et al., 1967; Bachmann et al., 2007) . Thus the three distal sites show no evidence of later cooling or other thermal disturbance after the time of initial emplacement. The weighted mean of all of the AHe ages (except FCT-1) and all the AFT ages (except AG10-04) at both proximal and distal sites is 28.4 ± 0.1 Ma.
Amongst the distal samples, the lithic-poor sample AG10-02 yielded more precise AHe and AFT ages and was excavated from a fresh quarry making this a promising candidate for use as a standard that will satisfy the requirements of both the AHe and AFT thermochronometry systems. This new quarry site has essentially identical behaviour in the high-temperature systems and the AFT system to the classic site, but is notably superior for the lowtemperature AHe system. a Crystal form -0T = no crystal terminations, 1T = one crystal termination and 2T = 2 crystal terminations.
b F T is the α-ejection correction after Farley et al. (1996) .
c Effective uranium content [U ppm + 0.235 * Th ppm].
d Analysis not included in determination of weighted mean age. e Mass weighted average radius of apatite crystals (where more than one was analysed) measured in the aliquot analysed. The vertical axis shows the uncertainties of ±2σ against relative precision for each grain on the horizontal axis. The age is given by a line drawn from the origin to the radial scale on the right for each grain, the horizontal line representing a reference age of 28 Ma. On this plot error bars are the same height for all the grains and it can be seen that the distribution of single grain results is consistent with a single age population at 95% confidence limits. The quantized nature of the points, especially visible on the left side of the diagram, is a consequence of the discrete counts of fission tracks in individual grains at low track numbers.
(b) The length distribution for 583 confined fission tracks measured as the true 3D length of confined tracks dipping at up to 20 • to the surface. For such relatively low dips, these depth-corrected length measurements are regarded as comparable to uncorrected 'horizontal' confined track lengths. (c) Variation of the track etch-rate parameter D par with apatite Cl concentration for 240 apatite grains analysed in this study. These two parameters are highly correlated for this sample set, although single grain ages showed no variation with either of these parameters, which is consistent with the inferred thermal history of residence at low, near surface, temperatures since initial rapid cooling following ignimbrite emplacement. It is suggested that this sample, from a natural outcrop, appears to have been partially influenced by a local thermal disturbance, most probably a forest fire. The apatites from the classic locality exhibit the highest average Cl concentrations of any of the apatites sampled, leading to enhanced retentivity of fission tracks in this sample and helping to explain the concordance of the AFT age at this site, despite the substantially reduced AHe age. Fish Canyon Tuff from the classic site is therefore only partially suitable as an age standard for low-temperature thermochronometers, as might be expected from its position near the bottom of a ∼1000 m volcanic pile.
Conclusions
At three distal locations about 35-45 km NE to SE of the classic site, where the total FCT thickness was less than ∼100 m, AHe and AFT ages average 28.5 ± 0.1 Ma, indistinguishable from each other and the time of eruption. Zircon (U-Th)/He ages from four samples, two distal and two proximal, are all concordant with a weighted mean of 28.5 ± 0.2 Ma.
One of these distal sites (sample AG10-02) is a quarry near the top of the Fish Canyon Tuff ignimbrite sheet where an abundance of fresh material is available with identical mineralogy and texture to the classic locality, but with many fewer lithic clasts. The total thickness of the FCT itself at this locality is only ∼40 m, most of it below the quarry, and the estimated thickness of all overlying units is <150 m, so that it satisfies the geological requirements for an age standard to a much greater degree than the classic proximal site. U-Pb zircon ages and 40 Ar/ 39 Ar sanidine ages from this distal site show identical behaviour to material from the classic locality, despite contrasting amounts of lithic inclusions between the two sites. On this basis we suggest that the new distal quarry site provides a source of age standard material that is superior to the classic site in that it is suitable for both high-temperature systems and all of the low-temperature thermochronometers in the fission track and (U-Th-Sm)/He systems.
Two polished mounts were prepared for each sample. The first was used for the determination of the fission track age and the second for track length measurement. Three electron microscope Cu grids cemented to each slide were used to establish an internal coordinate system, these markers being automatically located and recorded by TrackWorks. The polished and etched mounts were also coated with a thin Au film (∼10 nm) using a sputter coating unit to enhance the surface reflectivity as described by Gleadow et al. (2009) . About 40 grains with c-axes lying horizontally in the plane of the polished surface were selected for counting using circular polarised light and an automated grain detection option in TrackWorks. Reflected and transmitted light digital image sets were then captured autonomously and analysed offline using FastTracks image processing software. Spontaneous fission tracks were counted automatically using the coincidence mapping procedure described by Gleadow et al. (2009) and then manually corrected as necessary. The c-axis direction was determined automatically and corrected manually as necessary. Average D par values (Donelick et al., 2005) for all single-track etch pits were also determined automatically, taking about 10 s for the analysis over all measured grains in each mount. Cl concentrations were determined by electron microprobe.
The second apatite mount was exposed to a 252 Cf fission source in a vacuum chamber to enhance the number of confined track intersections below the surface (Donelick and Miller, 1991) . These irradiations gave an implanted track density of ∼8 × 10 6 cm −2 at a distance of 1 cm from the source providing collimated Cf tracks incident approximately normal to the surface. Digital image z-stacks, with 0.3-0.5 μm spacing, were captured autonomously in both transmitted and reflected light at locations of confined tracks previously identified by the operator using TrackWorks. The true lengths of ∼100 confined tracks were then measured in 3D on the retrieved image sets for shallow dipping tracks up to 20 • using FastTracks, correcting the vertical component for a refractive index of 1.634 for apatite (Laslett et al., 1982) . The resulting length data are more precise but comparable to traditional 'horizontal' confined track lengths where only the horizontal length component is measured for shallow dipping tracks up to 10-15 • (Ketcham et al., 2009; Laslett et al., 1982) . Uranium concentrations were measured by LA-ICP-MS using a New Wave UP-213 Quintupled Nd:YAG Laser Microprobe and an Agilent 7700X ICP-MS. For each apatite grain 3-4 laser spots of 30 μm diameter were ablated to a depth of ∼8 μm in a 'Supercell' under He, with Ar as the carrier gas. The 213 nm laser was used with a pulse rate of 5 Hz and 45% power giving an energy density of 2.3 J/cm 2 at the target. Measurements were made on the 238 U/ 43 Ca ratio against glass (NIST612) and a homogenised and recrystallised Mud Tank Carbonatite apatite standard. Repeat analyses of a Durango apatite reference crystal were also included with the FCT runs as an additional internal standard. Internal consistency in the 238 U measurements between the multiple spots was generally excellent, but a few grains were rejected where the repeat analyses exceeded experimental error. Fission track ages were calculated as described by Hasebe et al. (2004) using an absolute calibration based on primary constants rather than an empirical calibration, although the results presented here show that the two approaches are essentially equivalent. Pooled ages were calculated for each sample from the spontaneous track density over all grains (total tracks over total area counted), and the average 238 U concentration weighted according to the area counted over each grain. Central ages were also calculated using the RadialPlotter package (Vermeesch, 2009) . Ages were determined from the following equation, after Hasebe et al. (2004) :
where t is the fission track age, ρ s = spontaneous track density (cm −2 ), C U = concentration of 238 U, and λ D = total (alpha) decay constant for 238 U (1.55125×10 −10 yr −1 , Jaffey et al., 1971 ).
The value of ξ used in this study is 2.010×10 −3 determined by calibration against age standards, equivalent to the conventional zeta-calibration approach.
The constants making up this aggregate ξ factor, however, are given by:
where A = atomic weight of 238 U, λ f = spontaneous fission decay constant for 238 U, N 0 = Avogadro's number, D = density of apatite, R = etchable range of one fission fragment, and α = the detection efficiency of the etched internal apatite surface. All of these constants in Eq. (2) can be individually evaluated, with A and N 0 being known very precisely. For D, we use a value of 3.21 derived from a calculated relationship between density and apatite Cl content based on the analyses and unit cell dimensions of Carlson et al. (1999) . R may be taken as 7.5 μm based on half the confined track length for spontaneous fission tracks in volcanic apatites (Gleadow et al., 1986) . Despite much controversy in past decades about the spontaneous fission decay constant, λ f , a consensus has emerged around the IUPAC recommended value of 8.5×10 −17 yr −1 based on a weighted mean of the most precise and more recent values (Holdren and Hoffman, 2000) . We have adjusted this value slightly to 8.52×10 −17 yr −1 by including several more recent measurements cited by Yoshioka et al. (2005) . The remaining factor α, the detection efficiency, defined as the fraction of fission tracks crossing a surface that are revealed by etching and counted by the observation system, is the most poorly known. This factor is likely to show differences between various laboratories and observers, although we find that using our automated counting system such differences are minimal. The relatively few direct measurements of this efficiency factor range from 0.90-0.99 (e.g. Iwano et al., 1993; Jonckheere and Van den haute, 2002) . Hasebe et al. (2004) used a value of 1.0. Clearly more experimental work is needed to define this parameter with the counting setup used, but for this discussion a value of 0.96 is used. Combining these values gives ξ = 2.07 ± 0.07 × 10 −3 , which is indistinguishable from the empirical value, and also within error of the value used by Hasebe et al. (2004) . This discussion suggests that an absolute rather than a purely empirical calibration for fission track analysis is now possible.
